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Abstract
Individual differences in human temperament can increase risk for psychiatric disorders like 
depression and anxiety. Our laboratory utilized a rat model of temperamental differences to assess 
neurodevelopmental factors underlying emotional behavior differences. Rats selectively bred for 
low novelty exploration (Low Responders, LR) display high levels of anxiety- and depression-like 
behavior compared to High Novelty Responder (HR) rats. Using transcriptome profiling, the 
present study uncovered vast gene expression differences in the early postnatal HR versus LR 
limbic brain, including changes in genes involved in cellular metabolism. These data led us to 
hypothesize that rats prone to high (versus low) anxiety/depression-like behavior exhibit distinct 
patterns of brain metabolism during the first weeks of life, which may reflect disparate patterns of 
synaptogenesis and brain circuit development. Thus, in a second experiment we examined activity 
of Cytochrome C Oxidase (COX), an enzyme responsible for ATP production and a correlate of 
metabolic activity, to explore functional energetic differences in HR/LR early postnatal brain. We 
found that HR rats display higher COX activity in the amygdala and specific hippocampal 
subregions compared to LRs during the first 2 weeks of life. Correlational analysis examining 
COX levels across several brain regions and multiple early postnatal time points suggested 
desynchronization in the developmental timeline of the limbic HR versus LR brain during the first 
two postnatal weeks. These early divergent COX activity levels may reflect altered circuitry or 
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synaptic activity in the early postnatal HR/LR brain, which could contribute to the emergence of 
their distinct behavioral phenotypes.
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1. INTRODUCTION
Individual differences in temperament and emotional reactivity shape the ability of humans 
to cope with stress and predispose certain individuals to psychiatric disorders such as 
depression and anxiety (Cloninger et al., 2006). Our laboratory uses a rodent model of 
temperamental differences to study the neurobiological basis of differences in emotional 
behavior. Sprague Dawley rats that were selectively bred to display low behavioral response 
to novelty (Low Responders, LR) also exhibit high anxiety- and depression-like behavior 
compared to High Novelty Responder rats (HRs). These behaviors include diminished 
sociability and sexual motivation, increased behavioral inhibition and helplessness, as well 
as greater vulnerability to chronic stress (Stead et al., 2006a, Stedenfeld et al., 2011, 
Cummings et al., 2013, Clinton et al., 2014, Cohen et al., 2015). Furthermore, these 
behavioral traits emerge in early life, and a previous microarray study from our group 
revealed widespread gene expression differences in the early postnatal HR versus LR brain 
(Clinton et al., 2011). More specifically, numerous genes were altered in the developing 
hippocampus of HR versus LR rats during the first few weeks of life (i.e. postnatal days 7, 
14 and 21), with marked changes in genes involved in synaptogenesis and cellular 
metabolism (Clinton et al., 2011).
While dysregulated monoamine neurotransmission has long been hypothesized to underlie 
the pathophysiology of depression (Hirschfeld, 2000), data also point to a possible role for 
metabolic dysfunction in the illness (Gardner and Boles, 2011). Numerous human 
neuroimaging studies have documented abnormal metabolism within several limbic brain 
regions of individuals suffering major depression (Fitzgerald et al., 2008, Anand et al., 
2009), and studies using postmortem brain tissue from depressed patients have reported 
alterations in genes involved in a variety of metabolic processes (Sequeira et al., 2007, Kim 
and Webster, 2010, Regenold et al., 2012). Depression and other affective disorders are 
highly co-morbid with metabolic disorders, and the two classes of illness share many 
symptoms such as fatigue, cognitive deficits, and psychomotor retardation (Gardner and 
Boles, 2011). A recent study even showed that monoaminergic (specifically serotonin) and 
mitochondrial dysfunctions may be linked through monoamine-dependent regulation of 
phosphorylated glucocorticoid receptors and transcriptional control of mitochondrial genes 
for cytochrome c oxidase (Adzic et al., 2013). Whether these processes are overlapping or 
provide separate mechanisms of action, it is important to gain a deeper understanding of 
their roles in shaping emotional behavior.
The high energy demands of the brain are predominately fulfilled via oxidative 
phosphorylation (Hall et al., 2012), and perturbation of this pathway may contribute to 
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metabolic abnormalities known to occur in emotional disorders. ATP is critical for myriad 
cellular processes in the brain (e.g., neurotransmission, intracellular signaling, calcium 
buffering, synaptic plasticity) (Babcock and Hille, 1998, Brodin et al., 1999, Li et al., 2004); 
its synthesis requires proper functioning of the electron transport chain, which consists of 
four enzyme complexes positioned within the inner membrane of mitochondria (Saddar et 
al., 2008). Cytochrome C oxidase (COX) is the terminal rate-limiting enzyme in the electron 
transport chain; COX's activity in the brain is directly proportional to ATP production and is 
commonly used to compare metabolic activity within different regions of the brain in human 
postmortem studies as well as studies using animal models of psychopathology (Harro et al., 
2011, Wong-Riley, 2012, Rice et al., 2014).
Our previous work suggested that HR/LR differences in anxiety/depression-like behavior 
stem from disparate developmental trajectories in the early postnatal hippocampus and 
possibly amygdala (Clinton et al., 2011, Cohen et al., 2015). These early life HR/LR gene 
expression differences involved several functional classes of genes, including those relevant 
to synaptogenesis, synaptic plasticity, and cellular metabolism. The present study builds on 
that work, examining transcript and metabolic changes in the developing LR versus HR 
limbic brain that may contribute to a high anxiety/depression-like phenotype. We 
hypothesized that rats prone to high (versus low) levels of anxiety/depression-like behavior 
would exhibit distinct patterns of gene expression and metabolic activity in the early 
postnatal limbic brain. We first used transcriptome profiling to assess widespread gene 
expression in brains of early postnatal HR/LR pups (postnatal days 7, 14 and 21), focusing 
on key brain areas known to regulate emotional behavior: the amygdala, hippocampus and 
prefrontal cortex. A second experiment utilized COX histochemistry to map metabolic 
activity patterns in the developing HR/LR brain to test the hypothesis that developing 
anxiety/depression-prone LR rats exhibit altered COX activity in one or more brain regions 
compared to HR pups.
2. METHODS
All experiments were approved by the Committee on the Use and Care of Animals at the 
University of Alabama at Birmingham. This work was performed in accordance with the 
National Institutes of Health (USA, 2011) and National Research Council (UK, 1996) 
guidelines on animal research.
2.1 Animals and Tissue Collection
The animals used in this study were obtained from our in-house colony where the HR/LR 
bred lines were recently re-derived using a breeding strategy described previously in our 
original publication with the bred HR/LR rats (Stead et al., 2006a). Briefly, we screened 60 
male and 60 female Sprague-Dawley rats purchased from Charles River Laboratory based on 
locomotor activity in a novel environment. Rats were individually placed into Noldus 
PhenoTyper® Boxes (45 × 45 × 60 cm clear Plexiglas chambers) equipped with video 
cameras and Ethovision® XT 8.0 software to monitor exploratory behavior (distance 
traveled) during a 30-min test session. Males and females with the highest and lowest 
exploration scores were bred together to generate the first generation of HR and LR lines, 
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respectively. When progeny from each generation reached adulthood, we repeated the 
novelty-induced locomotion test and selected the top and bottom-scoring animals from HR 
and LR families, respectively, for subsequent breeding. The present experiments were 
conducted using tissue from HR/LR males from the 4th generation of our colony. All 
housing and testing facilities were maintained at 21-23°C and 50-55% humidity. For all 
experiments, rats were pair-housed in a 12:12 light-dark cycle (lights on/off at 6 AM/6 PM).
Adult male/female pairs were mated to produce HR and LR litters. At birth, litters were 
culled to six male and six female pups to control for litter size and gender composition. HR 
and LR male offspring were sacrificed by rapid decapitation to harvest brains at three early 
postnatal time points: postnatal day (P)7, P14 and P21 (n=15/phenotype/time point). Brains 
were removed, flash frozen in isopentane cooled to −30°C on dry ice, and then stored at 
−80°C until further use. A subset of brains (n=5/phenotype/time point, with each of the five 
rats per time point derived from an independent litter) were sectioned on a cryostat at −10 to 
−12°C, and alternating sections of 20 and 300 μm were collected. The 20 μm sections were 
stained with cresyl violet and compared to developing and adult rat brain atlases (Paxinos 
and Watson, 1986, Paxinos et al., 1994) to identify target anatomical regions in the 300 μm 
sections. Portions of the hippocampus, amygdala, and prefrontal cortex were removed from 
the 300 μm-thick sections using a 0.5 mm tissue punch (Harris Micro-Punch, Ted Pella, 
Redding, CA), stored at −20°C, and later homogenized. RNA was isolated (NucleoSpin 
RNA II), quantified using a Nanodrop ND-1000 (Wilmington, DE), and stored at −80°C. 
The remaining brains (n=10/phenotype/time point) were sectioned on a cryostat at 15 μm, 
mounted onto slides in parallel series of 10 slides, and stored at −80°C until processing for 
COX histochemistry.
2.2 Transcriptome profiling in the early postnatal HR versus LR limbic brain
RNA samples from the HR and LR P7/P14/P21 hippocampus, amygdala, and prefrontal 
cortex (n=5 samples/group) were shipped on dry ice for genome-wide expression profiling 
using NimbleGen Rat Gene Expression 12×135 Arrays (26,419 target genes, 5 probes/
targets; Arraystar, Rockville, MD) as previously described (Glover et al., 2015). Briefly, 
RNA quality and quantity were assessed with Nanodrop ND-1000 (Thermo Scientific, 
Wilmington, DE) and the RNA integrity was evaluated through denaturing agarose gel 
electrophoresis. Total RNA from each sample was linearly amplified with Agilent's Low 
Input Quick Amp Kit (Agilent Technology). Double-stranded cDNA (ds-cDNA) was 
synthesized from the amplified cRNA using an Invitrogen SuperScript ds-cDNA synthesis 
kit, cleaned and labeled in accordance with the NimbleGen Gene Expression Analysis 
protocol (NimbleGen Systems, Inc., USA). The labeled ds-cDNA was hybridized, washed, 
and scanned using an Axon GenePix 4000B microarray scanner (Molecular Devices 
Corporation). Scanned images were aligned and analyzed using NimbleScan software 
(version 2.5). Expression data were normalized through quantile normalization and the 
Robust Multichip Average (RMA) algorithm included in the NimbleScan software. Probe 
and gene level files were generated after normalization.
Subsequent data analysis was performed using Agilent GeneSpring GX software (version 
12.6, Santa Clara, CA) and Metacore™ Data-Mining and Pathway Analysis software 
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(Thomas Reuters, New York, NY). Probes with raw expression values less than 50 for any 
sample were excluded from analysis. Data were also filtered to exclude probes identified as 
“predicted mRNA model”, according to the most recent RefSeq database annotations. 
Following experimental grouping (i.e., HR/LR at a particular time point and brain region), 
expressed genes were considered statistically significant and included in downstream 
analysis if they displayed fold change >1.5, p-value < 0.05 after multiple test correction 
(Bonferroni family-wise error rate [FWER]). Principle Components analysis (PCA) was also 
performed on data from each microarray chip.
To gain a better understanding of top molecular pathways that differed between HR and LR 
in each brain region, we used GO (gene ontology) analysis (WebGestalt; http://
bioinfo.vanderbilt.edu/webgestalt), considering genes with a fold change > 1.2, p-value of < 
0.05. The pathway enrichment analysis was performed with these less stringent parameters 
to capture a broader scope of regulation. In the GO analysis of the amygdala, the following 
number of genes were included in the analysis at each developmental age: 1277 (P21), 798 
(P14), and 1286 (P7). For the hippocampus analysis, the following numbers of genes were 
included for each age: 949 (P21), 908 (P14), and 676 (P7). Significantly enriched terms 
containing at least 15% of genes in each category were identified using a Benjamini-
Hochberg false discovery rate and p< 0.05. All genes discussed in this paper are referenced 
using the Rattus norvegicus gene symbol. The microarray expression data will be provided 
on gene expression omnibus (GEO) database.
2.3 COX histochemistry
The COX enzymatic assay was performed as previously described by Melendez-Ferro et al. 
(Melendez-Ferro et al., 2013). From each rat, slides spanning the entire forebrain at intervals 
of 300 μm were removed from −80°C storage and warmed to room temperature for 15 min. 
Tissue sections were incubated in the reaction medium (described below) at 37°C in the dark 
for 120 min for the P7 group; 75 min for the P14 group; and 50 min for the P21 group. We 
performed preliminary experiments to find the length of incubation that was optimal for 
brain tissue samples at each developmental age. We found that there was no time length that 
allowed for accurate calculation of COX activity across all three ages due to oversaturation 
of the stain at the older ages. The reaction medium was a solution consisting of: 0.1792 g/L 
cytochrome c (Sigma-Aldrich, St. Louis, MO, USA; C3131), 0.92 g/L diaminobenzidine 
(DAB, Sigma-Aldrich, D5637), 36 g/L sucrose (Sigma-Aldrich, S0389), 0.1% nickel 
ammonium sulfate solution (Sigma-Aldrich, A1827), in 0.1M Hepes buffer (Sigma-Aldrich, 
H3375), pH 7.4 (Melendez-Ferro et al., 2013). To terminate the COX enzymatic reaction, 
sections were immersed in 4% paraformaldehyde in 0.1M phosphate buffer (PB) pH 7.4 for 
1 h at room temperature. Sections were dehydrated and coverslipped using standard 
procedures. Negative controls were performed in adjacent tissue sections by immersing them 
in 4% paraformaldehyde in 0.1M phosphate buffer (PB) pH 7.4 for 60 min at room 
temperature, followed by incubation in a 10 mM sodium azide solution in PB for 17 h at 
room temperature. This process was performed to irreversibly inactivate COX in negative 
control tissue. After the COX enzyme was inactivated in negative control samples, the 
sections were incubated with the experimental slides in the COX incubation medium.
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To more accurately assess differences in COX activity between experimental groups and 
between different brain regions at each developmental age, we created a standard dot blot of 
known COX protein concentrations (0.03-2 μg) as described in Melendez-Ferro et al. 
(Melendez-Ferro et al., 2013). These standards were loaded onto a nitrocellulose membrane 
using vacuum and a slot-blot microfiltration apparatus (Bio-Rad, Hercules, CA, USA; 
170-6542). For all COX histochemical assays, negative controls and COX standards were 
incubated together with the brain tissue sections to be analyzed for COX activity.
2.4 Image acquisition and analysis
Slides containing rat brain tissue processed for COX histochemistry and the dot blot 
membrane containing COX standards were scanned on a MicroTek ScanMaker 9800XL in 
16-bit grayscale settings without corrections. NIH Image J software (version 1.48v; http://
rsbweb.nih.gov/ij/) was used to measure optical density. A separate set of slides from each 
subject was stained with cresyl violet in order to provide anatomical guides for the COX 
activity measurements and to create masks defining regions of interest on the corresponding 
COX-reacted slides. Sections were excluded from analysis if they showed damage due to 
tissue processing within a region of interest. An exponential standard curve was created 
using OD values from the COX standards on the dot blot for each experiment: P7, P14 and 
P21. The calculated standard curve for each experiment fitted an exponential curve where: 
R2= 0.97 for standards incubated for 120 min; R2= 0.95 for 75 min; and R2= 0.98 for 50 
min.
Using the COX-reacted sections, we measured optical density levels in three brain regions 
known to regulate emotional behavior: the amygdala, hippocampus, and prefrontal cortex. 
These measurements were made in at least 4 sections per rat that were spaced 300 μm apart 
across the rostro-caudal extent of each brain region. In the analysis of the hippocampus, we 
evaluated two layers of the cornu ammonis (CA) regions: the pyramidal cell layer and the 
innermost molecular layer, where the hippocampal neurons synapse. We chose to separately 
evaluate these two layers because they exhibited quite distinct patterns of COX labelling (as 
illustrated in Figure 3 and consistent with previous studies reporting especially high levels 
of COX activity and mitochondrial localization in the molecular layer, where afferent axons 
synapse onto principle neurons of the hippocampus (Kageyama and Wong-Riley, 1982)). For 
the analysis of the amygdala, we used two approaches. The first approach considered the 
amygdala as a whole. Because the amygdala is comprised of several functionally distinct 
nuclei, though, we were also interested to conduct a secondary analysis to evaluate COX 
levels on a nucleus-by-nucleus basis. We were able to reliably identify four sub-nuclei in the 
P21 amygdala: lateral, basolateral, central, and basomedial nuclei. Unfortunately, though, 
we were unable to reliably distinguish these nuclei in enough of our samples at P14 and P7. 
For each section measured, the Image J rectangle tool was used to create five non-
overlapping boxes (0.002 cm square) that were randomly placed within a region of interest. 
Measurements from each subject from each brain region were averaged to yield a single 
value per animal for each brain region (or brain subregion). These values were then used for 
statistical comparison. Two separate blinded experimenters analyzed the tissue sections. 
Results were compared for consistency across experimenters and averaged together for 
subsequent analysis.
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2.5 Statistical analysis
Data analysis for the microarray experiment is described above. Data from the COX 
histochemistry study were analyzed using GraphPad Prism Software (Version 6.0 for 
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). All data sets 
were first verified to be normally distributed. Student t-tests were used to compare HR 
versus LR COX activity within each brain region (or subregion) of interest. All tests were 
found to have equal variance.
We performed a secondary analysis of the COX data using correlation matrices to determine 
inter-correlations of COX activity within select brain regions of HR/LR pups across the three 
early postnatal time points. MATLAB software (R2015a, MathWorks, Inc., Natick, MA, 
USA) was used to display the results of this analysis in a colormap. Two-way ANOVA was 
used to compare average correlation coefficients (HR/LR phenotype and postnatal age as 
independent variables). In order to identify HR versus LR divergences in limbic region 
connectivity patterns, multidimensional scaling was implemented. Pair-wise differences 
were calculated between regional inter-correlations of HR versus LR at each developmental 
time point, and MATLAB software was used to configure these data on a 2-dimensional plot 
(as described in (Harro et al., 2014)).
3. RESULTS
3.1 Transcriptome profiling in the early postnatal HR/LR amygdala, hippocampus, and 
prefrontal cortex
Using genome-wide expression profiling, we examined HR/LR gene expression differences 
in the early postnatal brain, focusing on three key limbic regions (the amygdala, 
hippocampus, and prefrontal cortex) at three key early postnatal time points (P7, P14, and 
P21). We observed dramatic HR/LR gene expression differences in the early postnatal 
amygdala and hippocampus, with essentially no changes in the prefrontal cortex. Several 
hundred genes were differentially expressed in the LR versus HR P7 and P14 amygdala, 
with a surge in number of altered genes at P21. In contrast, the greatest numbers of HR/LR 
gene differences in the hippocampus occurred at P14 (Fig. 1A). Within the P7 amygdala, 
most of the altered genes were downregulated in HR versus LR; in the P21 amygdala and 
P14 hippocampus, more than two-thirds of the differentially expressed genes were 
upregulated in HR versus LR (Fig 1B). Based on our previous studies, we expected to find 
HR/LR differences in hippocampal gene expression, but these data highlighted stark HR/LR 
differences in the developing amygdala as well. Full lists of genes that were differentially 
expressed in the HR versus LR hippocampus and amygdala can be found on gene expression 
omnibus (GEO) database.
We next used principle component analysis (PCA) to further interrogate transcriptome 
profiles in the early postnatal HR/LR amygdala and hippocampus. PCA is a data reduction 
technique that apportions the major components of variance within a dataset into a limited 
number of dimensions, thus permitting visualization of global similarities/differences and 
variance among samples. Application of PCA to our data showed that the single greatest 
component of variance corresponded to developmental stage of the brain (Fig. 1C). For both 
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the amygdala and hippocampus, there was a clustering of samples at each time point (top 
graphs in Fig. 1C display data points in different colors based on P7, P14, or P21 
developmental age). In addition to these effects of developmental age on gene expression 
profiles, samples also clustered differently based on animals’ HR or LR phenotype, 
particularly in the amygdala (bottom graphs in Fig. 1C display HR data points in green and 
LR data points in red). The color-coded ellipses in the lower panel illustrate the degree of 
variability within each phenotype at the different developmental ages in the amygdala and 
hippocampus. HR and LR amygdala samples clustered distinct from each other at each 
developmental age. There was generally more overlap between HR and LR hippocampal 
samples; interestingly, though, the data implicate potentially distinct developmental 
trajectories for the HR versus LR hippocampus. In the HR hippocampal samples, there are 
distinct clusters at each timepoint. In the LR hippocampal samples, however, the later 
developmental ages (P14 and P21) cluster fairly close together and are quite separate from 
P7.
To better understand the biological processes altered in the early postnatal HR/LR brain, we 
performed enrichment analysis. Figure 2 displays several molecular pathways within the 
gene ontology (GO) cellular component that were found to differ in the HR/LR amygdala 
(Fig. 2A) and hippocampus (Fig. 2B). Interestingly, several components of the 
mitochondrion were enriched for altered expression within the developing amygdala (Fig. 
2A; p< 0.05 FC > 1.5, BH correction) and hippocampus (Fig. 2B; p< 0.05 FC > 1.5, BH 
correction). Considering these apparent HR/LR differences in mitochondrion-related genes, 
we next wanted to look more closely at the expression of several classes of genes related to 
metabolic processes in the early postnatal HR versus LR brain. We therefore examined the 
number of genes significantly altered within several discrete metabolic pathways (e.g., 
carbohydrate metabolism, glycolysis, tricarboxylic acid cycle, fatty acid metabolism, 
electron transport chain, and lipid metabolism) in the early postnatal HR/LR amygdala (Fig. 
2C) and hippocampus (Fig. 2D). Overall, the amygdala showed more robust HR/LR 
differences in metabolic genes compared to the changes observed in the hippocampus. In the 
amygdala, an average of 25% of genes within a given metabolic pathway (range 10-60%) 
were differentially expressed between HR and LR across the first three postnatal weeks. P7 
was the time point when the greatest number of metabolic gene changes occurred in the 
HR/LR amygdala, particularly within pathways related to glycolysis, tricarboxylic acid 
cycle, fatty acid metabolism, and amino acid metabolism where 40-60% of genes within 
those pathways were altered between HR and LR (Fig. 2C). In the HR/LR hippocampus, an 
average of 10% of genes within a given metabolic pathway (range 3-27%) were significantly 
altered between HR and LR hippocampus across the first three postnatal weeks. P14 stood 
out as a time when the greatest number of changes occurred in the HR/LR hippocampus, 
particularly within pathways related to the tricarboxylic acid cycle, fatty acid metabolism, 
the electron transport chain, and lipid metabolism (Fig. 2D).
3.2 COX activity in HR versus LR early postnatal brain
Our transcriptome study revealed marked HR/LR gene expression differences within several 
metabolism-related genes in the early postnatal hippocampus and amygdala. We therefore 
hypothesized that such changes in metabolism-related genes would correspond with overall 
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cellular energy changes. COX activity measurement is commonly used to estimate cellular 
metabolism as it is a terminal rate-limiting enzyme is ATP production through the electron 
transport chain. Consequently, we examined COX activity in the brains of P7/14/21 HR/LR 
rat pups to assess possible functional differences in cellular metabolism. Our analysis 
followed the same design as the first study by examining the amygdala and hippocampus 
and prefrontal cortex, another region relevant to regulating emotional behavior. Figure 3 
shows representative tissue sections processed for COX activity, highlighting the brain 
regions that were analyzed, including the prefrontal cortex, amygdala, and subregions of the 
hippocampus. Sublayers of the hippocampus exhibited different activity; we therefore 
measured COX activity in the molecular (or synaptic) layer and cellular layers separately. In 
preliminary studies, we did not find differences in COX activity among the different CA 
regions (CA1, CA2 and CA3); therefore, these regions were measured as a single region in 
subsequent analyses.
Figure 4 shows HR versus LR COX activity in the P7 (left column), P14 (middle column), 
and P21 (right column) amygdala (Fig. 4A), and CA region of the hippocampus (cellular 
and molecular layers; Fig. 4B-C). In the amygdala, HRs displayed higher COX activity 
compared to LRs at P7 (p= 0.0035, t= 3.70, df= 11, n= 6 HR, 7 LR). This HR/LR difference 
continued at P14 (p=0.0063, t=3.177, df=15, n= 7 HR, 11 LR), but was not present at P21 
(Fig. 4A). In the CA region of the hippocampus, we found that HRs showed increased COX 
activity at P7 in both the pyramidal cell (p=0.0235, t=2.565, df=13, n= 8 HR, 7 LR; Fig. 4B) 
and molecular (p=0.0066, t=3.229, df=13, n=8 HR, 7 LR; Fig. 4C) layers compared to LRs. 
These HR/LR differences were absent at P14 and P21. In the dentate gyrus, we examined 
COX activity separately in the upper and lower blades. At P7, we found that HRs showed 
increased COX activity specifically in the lower blade/cellular layer (p=0.049, t=2.27; 
df=13, n=8 HR, 7 LR; Table 1), but these differences were not present at P14 and P21. We 
found no HR/LR differences in the upper blade of the dentate gyrus at any developmental 
age (Table 1). Likewise, we found that HR/LR rats showed similar COX activity in the 
P7/14/21 prefrontal cortex (Table 1).
3.3 Inter-correlations of limbic region COX activity in the early postnatal HR versus LR 
brain
We extended our analysis of the COX activity data using a correlation matrices as described 
in Harro et al, 2014 in order to examine activity across brain regions at P7/14/21, which can, 
in turn, implicate connectivity across brain areas. Figure 5 shows colormaps of COX activity 
correlations among select limbic regions in HRs (left column) versus LRs (right column) at 
the three developmental time points. The top half of each square depicts a colormap showing 
how COX activity within select brain regions (i.e., sublayers of the dentate gyrus, CA region 
of the hippocampus, amygdala, or prefrontal cortex) correlate with the other measures. The 
mirrored bottom half of each square is color-coded in black and gray. A black square 
indicates that the correlation for that measure was statistically significant (p<0.05) whereas a 
gray square indicates that the correlation was not significant.
We compared the average correlation coefficients in HR/LR groups across the three 
developmental ages using two-way ANOVA. This analysis revealed a main effect of 
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developmental age (F(2,210)=30.60, p<0.0001) since regardless of HR/LR phenotype, inter-
correlations of limbic region COX activity strengthened as development progressed; there 
was less correlation among brain regions at the earliest developmental stage (P7; average 
correlation coefficient 0.49±0.03), increased correlation at P14 (average correlation 
coefficient 0.65±0.03), and the greatest inter-region correlation at P21 (average correlation 
coefficient 0.78±0.02; post-hoc comparison p<0.05 for each of the ages compared to one 
another). Although there was no main effect of HR/LR phenotype, there was a significant 
developmental age × phenotype interaction (F(2,210)=5.42, p<0.01). Post-hoc analysis 
showed that HR/LR groups exhibited similar average correlation coefficients at P7 (HR: 
0.45±0.05; LR 0.54±0.04). At P14, HRs exhibited a higher average correlation coefficient 
compared to LRs (HR: 0.73±0.03; LR: 0.58±0.04; p<0.05). At P21, the groups did not 
significantly differ (HR: 0.80±0.02; LR: 0.77±0.02). These data suggest that stronger 
associations among these limbic regions are established earlier within the HR versus LR 
developing brain (Fig. 5).
3.4 Multidimensional scaling to visualize HR/LR COX activity differences in the P7/14/21 
brain
Following calculation of region specific pair-wise differences between correlation matrices 
of HR/LR brain regions at P7/14/21, multidimensional scaling was used to express the data 
on a 2-dimensional plot where the distance between regions represented the degree of 
similarity of their metabolic demands (Fig. 6). This qualitative analysis, similar to PCA 
analysis used in the first study, highlighted the variance in COX activity within specific brain 
regions and developmental ages. The highest degree of HR/LR inter-regional divergence 
occurred at P7, where the prefrontal cortex, CA molecular layer, and amygdala exhibited the 
lowest levels of COX activity association with other limbic regions. Additionally, at P7, the 
cellular layer of CA and the cellular layer of the dentate gyrus showed less divergence in 
COX activity association in HR versus LR. Dissimilarity between regional inter-correlations 
in the brains of HR/LR rats diminished at later developmental time points. At P14, HR/LR 
COX activity inter-correlation differences were apparent at only a few regions: the molecular 
layer of the lower blade of the dentate gyrus, amygdala, and prefrontal cortex. At P21, all 
brain regions examined clustered, indicating similar associations in inter-regional metabolic 
demands in HR/LR animals (Fig. 6).
4. DISCUSSION
To elucidate neural and molecular changes in the developing brain that may contribute to an 
individual developing a highly anxious/depressive-like phenotype, the present study utilized 
a rat model of individual differences in temperament. As noted earlier, LR rats selectively-
bred for low behavioral response to novelty also display high levels of anxiety- and 
depression-like behaviors from early life through adulthood relative to high novelty 
responding HR rats (Clinton et al., 2011, Clinton et al., 2014). The current study used 
transcriptome profiling to examine widespread gene expression in the early postnatal limbic 
brains of LR vs. HR rats, focusing on the hippocampus, amygdala, and prefrontal cortex – 3 
key brain regions that regulate emotional behaviors known to differ in HR/LR rats. These 
experiments asked: (1) when do HR/LR brains begin to develop differently; and (2) what 
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brain regions vary the most in developing HR/LR rats. The most prominent differences 
occurred in the developing hippocampus and amygdala, with hundreds of genes differing at 
P7 and P14. By P21, the amygdalar gene expression differences dramatically increased 
(>1000 genes altered) whereas hippocampal changes dropped to zero. There were 
surprisingly few changes in the prefrontal cortex at any age, with no genes remaining after 
multiple test corrections. Among the many interesting functional classes of genes that 
differed in the early postnatal HR vs. LR brain were molecules critical for metabolism (Fig. 
6), synaptogenesis, and neuroplasticity (data not shown). Thus, a follow-up experiment 
examined COX activity in the developing HR/LR brain to explore functional energetic 
differences that may correlate to HR/LR differences in the development of hippocampal-
amygdala circuits.
4.1 Neurodevelopment in the amygdala, hippocampus, and prefrontal cortex and how 
perturbations of these regions impacts emotional behavior
The rodent amygdala, hippocampus and prefrontal cortex each undergo unique patterns of 
neurodevelopment during late gestation and the early postnatal period. Peak neurogenesis in 
the amygdala occurs at embryonic days (E)11-16 (Berger et al., 2002) and neuronal 
migration continues through P7 when subnuclear organization begins (Berdel et al., 1997). 
Cell number and density increases during the second postnatal week (stabilizing around 
P14), and amygdalar volume continues to increase during the third postnatal week until 
stabilizing at P28 (Berdel et al., 1997, Chareyron et al., 2012). This is accompanied by 
dendritic expansion and increased synaptic number from P7-P28 (Escobar and Salas, 1993, 
Morys et al., 1998, Ryan et al., 2014) . These changes reflect increased connectivity within 
amygdalar subregions and increased inputs to the amygdala from areas like the prefrontal 
cortex (Bouwmeester et al., 2002). Our transcriptome study identified marked HR/LR gene 
expression changes in the amygdala at P7, P14, and P21. Although previous work from our 
group and others have suggested that the distinct HR/LR behavioral phenotypes stem from 
differences in the developing (Clinton et al., 2011) and adult (Lemaire et al., 1999, Rosario 
and Abercrombie, 1999, Kabbaj et al., 2000, Isgor et al., 2004) hippocampus, our present 
data indicate a role for the amygdala as well
A number of studies by Sullivan et. al. and others have elegantly described the ontogeny of 
amygdalar circuits, amygdala-regulated fear and stress responses, and how perturbations of 
the developing rodent amygdala elicit lasting changes in emotional behavior (Thompson et 
al., 2008, Landers and Sullivan, 2012, Tallot et al., 2016). For example, excitotoxic lesions 
of the P7 rat amygdala impairs juvenile play and adult social behavior, increases novelty-
induced ambulation (Wolterink et al., 2001, Daenen et al., 2002), and exacerbates 
amphetamine-induced locomotion (Solis et al., 2009). Lasting neural consequences of P7 
amygdala lesions include altered dopamine receptor density in the adult nucleus accumbens, 
olfactory tubercle, substantia nigra and central grey (Bouwmeester et al., 2007), as well as 
decreased cerebral glucose utilization in several limbic brain regions, including the 
amygdala itself, the cingulate cortex, lateral septum, and anterior hippocampus (Gerrits et 
al., 2006). It is interesting to consider whether HR/LR differences in amygdala development 
contribute to their disparate biobehavioral phenotypes. Although our findings in the HR/LR 
model do not perfectly align with the P7 amygdala lesion literature, HR/LR rats show 
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divergent social behavior, as well as novelty- and psychostimulant-induced locomotion 
(Stead et al., 2006a, Clinton et al., 2012, Cohen et al., 2015). They also exhibit a number of 
dopamine system anomalies, including altered expression of dopamine receptor transcripts 
in the nucleus accumbens and striatum, and greater number of spontaneous dopamine 
release events in the nucleus accumbens (for review, see (Flagel et al., 2014)). New studies 
should examine anatomical and functional differences in the developing HR/LR amygdala 
that may contribute to their disparate behavioral phenotypes. Future experiments should also 
examine the impact of manipulating the amygdala of HR/LR rats during early postnatal 
development to determine its effects on their adult phenotypes.
Within the hippocampus, the pyramidal neurons of Ammon's horn (fields CA1-3) are 
generated between E16- E20. The volume of the CA region rapidly expands from E21 
through P1 (Bayer, 1980a, b), with its dendritic system rapidly expanding throughout the 
first three postnatal weeks (Pokorny and Trojan, 1986). In the dentate gyrus, a fraction of 
granule cells are generated around E16-17, but the majority (85%) of the cells are generated 
from P0-19 and migrate from P10-P25. Although this initial phase of neurogenesis in the 
dentate gyrus tapers around P21, it persists at low levels through adulthood (Bayer, 1980a). 
Our current transcriptome study as well as a prior microarray experiment (Clinton et al., 
2011) revealed dramatic HR/LR gene expression differences in the hippocampus at P7 and 
P14, with minimal changes at P21. These data suggest, then, that there is a critical 
developmental window when hippocampal circuits may diverge in HR/LR rats, which may, 
in turn, contribute to life-long differences in behavior and hypothalamic pituitary adrenal 
axis stress reactivity. Indeed, the hippocampus has the potential to contribute to a number of 
well-established HR/LR behavioral differences given its contributions to detecting novelty 
(Roullet and Lassalle, 1990, Lever et al., 2006, Jeewajee et al., 2008), regulating neural 
stress circuits (Sapolsky et al., 1984, Jacobson and Sapolsky, 1991), and controlling fear and 
anxiety-like behavior (Gray, 1982, McNaughton and Gray, 2000, Bannerman et al., 2002).
The prefrontal cortex, like other neocortical and limbic cortical regions, undergoes peak 
neurogenesis between E14-20 (Bayer and Altman, 1991). Most of these newborn cells 
migrate within the first postnatal week, although cytoarchitectual organization in the PFC 
continues through P18 (van Eden et al., 1990). We were somewhat surprised to find no 
transcriptome or COX HR/LR differences in early postnatal prefrontal cortex, since some of 
the known HR/LR behavioral differences (such as impulsivity (Flagel et al., 2009)) may be 
related to divergent prefrontal cortical function. It is possible that the neurobiological factors 
contributing to HR/LR prefrontal cortex-associated behavioral differences may emerge later 
in life (i.e. post-weaning/puberty), which may explain why we saw minimal differential 
prefrontal cortex gene expression from P7-P21.
4.2 Examining COX activity as an indicator of metabolic activity in the early postnatal 
HR/LR brain
Our transcriptome analysis pointed to significant alterations of mitochondrial and 
metabolism-related genes in HR/LR developing amygdala and hippocampus. While genes 
from a number of metabolism pathways were altered in HR versus LR brain, we choose to 
focus on COX activity in our follow-up experiment because it serves as the terminal rate-
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limiting enzyme in ATP production and is thought to correlate with total neuronal activity 
(Harro et al., 2011). For example, early work by Wong-Riley et. al. began to describe COX 
localization in the brain and its relationship to synaptic activity (Wong-Riley, 1979, Wong-
Riley, 1989). Among this early work was a study describing COX localization in the 
hippocampus, showing that the highest levels corresponded to synaptic terminal fields of the 
hippocampus (stratum moleculare of CA1-3 regions and outer molecular layer of the dentate 
gyrus); they also reported differential COX staining of distinct hippocampal cell populations, 
which corresponded with spontaneous firing rates of those neurons (Kageyama and Wong-
Riley, 1982). Other studies mapped COX distribution throughout the adult rat brain, 
demonstrating the significant heterogeneity across several cortical and subcortical brain 
regions, white versus gray matter, and neuron types (e.g.,(Hevner et al., 1995)). In addition, 
several research groups have assessed COX activity in the early postnatal rat brain (Bilger 
and Nehlig, 1991, Diaz et al., 1994, Gonzalez-Pardo et al., 1996, Nair et al., 1999, Liu and 
Wong-Riley, 2003). Not surprisingly, the developmental patterns of COX activity vary across 
different brain regions. For instance, white matter tracts in the hippocampus showed 
relatively low levels of COX activity at P7, with steadily increasing levels at P12 and P17 
before dramatically tapering at P30 through adulthood. Other white matter pathways 
exhibited different developmental patterns, with COX levels peaking at P7 in cerebellar 
white matter and declining with age, but the corpus callosum and anterior commissure 
showing peak COX levels at P17 and remaining fairly high through adulthood (Nair et al., 
1999).
We utilized a COX histochemistry experiment to map metabolic activity in the early 
postnatal HR versus LR brain, focusing on the amygdala, hippocampus and prefrontal cortex 
since those regions were studied in the microarray experiment. We found significantly 
decreased COX activity in the amygdala and several hippocampal subregions of LR versus 
HR pups at P7. Some of the HR/LR COX activity differences (particularly in the amygdala) 
persisted at P14, but were not statistically significant at P21, at least when we considered the 
amygdala as a whole. Interestingly, when we conducted a secondary analysis of the P21 
amygdala on a nucleus-by-nucleus basis, three of the four nuclei that were examined (lateral, 
basolateral, and basomedial nuclei) showed significantly reduced COX levels in LR versus 
HR. (Mody et al., 2001, Stead et al., 2006b, Liscovitch and Chechik, 2013, Thompson et al., 
2014)(Flagel et al., 2009)
Although prior studies have examined COX activity in brain tissue from rodent models of 
psychopathology, this previous work mainly focused on adult subjects (Gallo et al., 2002, 
Shumake and Gonzalez-Lima, 2003, Harro et al., 2011, Sampedro-Piquero et al., 2013, 
Harro et al., 2014) (for review see (Harro et al., 2011)). For example, one study mapped 
COX activity in adult brain tissue within five distinct rodent models of depression, such as 
exposure to environmental adversity via chronic variable stress or chronic social defeat 
(Harro et al., 2014). These authors found that vulnerability to a depression-like phenotype 
was generally associated with higher COX levels in the brain, particularly within the 
reticular thalamus, hippocampal CA3 region, granular and agranular retrosplenial cortices, 
and pontine nuclei. Conversely, stress exposure tended to decrease region-wide oxidative 
metabolism relative to controls, with the notable exception of the median raphe (Harro et. 
al., 2014). Another study using a congenitally helpless rat model identified elevated levels of 
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COX activity within several hippocampal regions and the paraventricular hypothalamic 
nucleus in depression-prone animals (Shumake et al., 2001, 2002).
Our current findings suggest that these previously identified COX activity differences in 
brains of adult animals known to display high levels of depression-like behavior may be the 
result of divergent establishment of neuronal circuitry during development. We found that 
anxiety/depression-prone LR rats displayed reduced COX activity in the amygdala and some 
subregions of the hippocampus at P7 compared to their HR counterparts, with progressively 
fewer HR/LR differences at the later time points (P14 and P21). Our inter-correlational 
analysis of COX activity across the multiple brain regions illustrated how inter-correlation of 
COX activity between brain regions strengthened over time (with relatively less correlation 
between brain regions at P7, but progressively more at P14 and P21). Interestingly, HR/LR 
animals displayed divergent patterns of inter-regional correlation, particularly at P7 and to a 
lesser extent at P14. These data coupled with our current as well as previous microarray 
findings (Clinton et al., 2011) suggest that HR/LR limbic circuits develop at different rates, 
although additional work will be required to more fully explore this notion.
Our results are largely consistent with a previous study comparing COX activity in the 
brains of one-day-old congenitally helpless versus non-helpless rats. They found decreased 
COX activity in several newborn brain regions, including the paraventricular nucleus of the 
hypothalamus, hippocampus, and multiple frontal cortical regions of helpless versus non-
helpless rats (Shumake et al., 2004). A striking observation from this previous report was 
that brain regions that were most underactive in helpless versus non-helpless rats at birth 
became the most hyperactive in adulthood. The authors hypothesized that this reversal may 
result from an abnormal flip of the hypothalamic-pituitary-adrenal axis during development 
of the rodent depression model (Shumake et al., 2004). From P4-14, rodents are known to 
exhibit a stress hypo-responsive period (SHRP) that is characterized by a reduced capacity to 
secrete corticosterone, which protects the young brain from elevated glucocorticoids 
(Levine, 2001). It is possible that rats prone to develop a depressive-like phenotype may 
exhibit differences in the ontogeny of limbic and stress circuits, and such differences could 
be manifested as differences in COX activity. Results from our study are consistent with this 
notion, since we found the greatest HR/LR COX activity differences at P7, a lower number 
of significant differences persisting at P14, and no apparent differences by P21. In the future, 
it would be interesting to expand the brain regions examined in our studies to determine 
whether HR/LR pups display COX activity differences in additional brain regions (as 
reported in helpless versus non-helpless rats). Moreover, it would be interesting to determine 
whether adult HR/LR animals also exhibit a reversal in COX activity differences, akin to 
what was found in the congenitally helpless rats.
4.3 Considering the role of environmental factors that may shape the developing 
transcriptome and limbic circuit neurodevelopment
Brain and behavioral abnormalities related to an anxiety/depression-like phenotype may be 
triggered by innate biological differences, environmental factors, or a combination of both 
(Roth and Sweatt, 2011, Doherty et al., 2016). As noted above, several previous studies as 
well as our present work show COX activity differences in brains of rats either a) selectively 
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bred to display depression-like behavioral differences, or b) chronically stressed to elicit a 
depression-like phenotype (Harro et al., 2011, Harro et al., 2014). The HR/LR differences in 
COX activity reported here for the amygdala and hippocampal subregions may be related to 
naturally occurring differences in HR versus LR brain development. However, it is also 
important to consider whether these COX activity differences could also be influenced by 
early life factors like maternal care, given the critical role of maternal care in shaping the 
developing brain (Meaney, 2001, Bredy et al., 2003, Champagne et al., 2003, Weaver et al., 
2006), and considering the fact that we previously reported significant differences in 
maternal style between HR and LR dams (Clinton et al., 2007, Clinton et al., 2010). Many 
aspects of the HR/LR phenotype appear to be strongly driven by genetic differences (Stead 
et al., 2006a, Flagel et al., 2014), although recent cross-fostering experiments showed that 
fostering LR pups to HR mothers improves aspects of their anxiety-like behavior, 
particularly social interaction (Cohen et al., 2015). This recent study also found that cross-
fostering specifically shifts gene expression in the developing LR amygdala, while there was 
only minimal effect in the hippocampus (Cohen et al., 2015). Future experiments will 
combine cross-fostering with COX histochemistry to test whether brain metabolism in LR 
pups can be normalized to resemble more closely HR patterns by exposure to a different 
maternal style.
4.4 Conclusions
Our work-to-date highlights the role for the early postnatal hippocampus and amygdala in 
driving individual differences in depression- and anxiety-like behavior. Our prior and current 
findings are consonant with a growing body of literature suggesting that the roots of many 
mental illnesses like depression involve aberrant brain development. Future therapeutic 
strategies may be highly effective if applied during early life (i.e., while the brain is highly 
plastic) and before mental illness takes hold. Such therapeutic advances will require more 
experiments using animal models of emotional dysfunction (such as the HR/LR model and 
other similar models) to help shed light on neurobiological processes that give rise to 
emotional disorders in humans.
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LR Low Novelty Responder rat
HR High Novelty Responder rat
AMY Amygdala
HPC Hippocampus
PFC Prefrontal Cortex
CA Cornu Ammonis
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DG Dentate Gyrus
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
P Postnatal day
COX Cytochrome C Oxidase
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HIGHLIGHTS
• Rats prone to high anxiety display distinct transcriptome profiles in limbic brain.
• Cellular metabolism genes are altered in early postnatal anxiety-prone rat brain.
• COX activity is reduced in amygdala and hippocampus of week old high-anxiety 
pups.
• Metabolic changes may reflect abnormal circuit development in anxiety-prone 
brain.
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Figure 1. HR/LR rats exhibit widespread gene expression differences in the early postnatal brain
(A) Number of differentially expressed genes in the HR/LR hippocampus, amygdala, and 
prefrontal cortex at postnatal day (P) 7, P14, and P21. (B) Number of genes up-regulated or 
down-regulated in the early postnatal HR/LR amygdala (left) and hippocampus (right). 
Filtering for these gene lists was based on p-value < 0.05 fold change > 1.5 with multiple 
test corrections. (C) PCA of transcriptome in developing HR and LR amygdala and 
hippocampus. PCA was used to assess gene expression profiles from each amygdala or 
hippocampal sample dissected from HR and LR pup brains collected at P7, P14, and P21. 
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The major component of variance in both brain regions separated animals by developmental 
age. Top panels depict samples colored based on developmental ages P7 (pink), P14 (blue), 
and P21 (orange). The second major component of variance was attributable to HR/LR 
phenotype. Thus, bottom panels depict samples colored based on HR (green) and LR (red) 
phenotypes. Green and red ellipses highlight the variablity of samples from each phenotype 
at each developmental age.
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Figure 2. Pathways related to mitochondria and cellular metabolism are altered in the early 
postnatal HR/LR amygdala and hippocampus
(A-B) Top gene ontology cellular component enrichment analysis identified top terms that 
were altered in the early postnatal HR versus LR amygdala (A) and hippocampus (B). (C) 
Percentage of genes within several metabolic pathways that were differentially expressed in 
HR versus LR amygdala at P7, P14, and P21. (D) Percentage of genes within each metabolic 
pathway that were differentially expressed in HR/LR hippocampus at P7, P14, and P21. 
Enrichment analysis and analysis of metabolic pathways were performed on altered genes 
across development ages that were filtered at p < 0.05 and FC > 1.2.
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Figure 3. Representative Cytochrome c Oxidase (COX) staining and corresponding atlas images 
depicting brain regions analyzed
Representative tissue sections processed for COX histochemistry at the level of the (A) 
prefrontal cortex (PFC; bregma +2.76 mm); (B) rostral hippocampus (HPC) and amygdala 
(AMY; bregma −2.04 mm); (C) mid-hippocampus (bregma −4.44 mm); and (D) caudal 
hippocampus (bregma −5.40 mm). Regions of interests are shown in black and dark grey on 
the atlas images, which were adapted from “The Rat Brain” (6th edition) by Paxinos and 
Watson (2006).
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Figure 4. Cytochrome c oxidase (COX) activity in the early postnatal HR versus LR limbic brain
COX activity from tissue sections normalized to a dot blot of known COX protein amount 
was measured from amygdala (A), cellular and molecular layers of Cornu ammonis (CA; B-
C) at three early postnatal time points: postnatal day (P) 7, 14 and 21. (A) At P7 and P14, 
HR pups exhibited greater COX activity in the amygdala compared to LR pups. (B-C) In the 
cellular and molecular layers of CA, HR showed increased COX activity at P7. ** indicates 
p-value < 0.01, * indicates p-value < 0.05.
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Figure 5. Inter-correlations of COX activity within limbic brain regions of HR (left) and LR 
(right) at postnatal day (P) 7, 14 and 21 (shown top to bottom)
The top half of each square depicts a colormap showing how COX activity within select 
brain regions (i.e., sublayers of the dentate gyrus, CA region of the hippocampus, amygdala, 
or prefrontal cortex) correlate with the other measures. The mirrored bottom half of each 
square is color-coded in black and gray. A black square indicates that the correlation for that 
measure was statistically significant (p<0.05) whereas a gray square indicates that the 
correlation was not significant. Abbreviations: DG-UB-C, dentate gyrus upper blade cellular 
layer; DG-UB-M. dentate gyrus upper blade molecular layer; DG-LB-M, dentate gyrus 
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lower blade molecular layer; DG-LB-C, dentate gyrus lower blade cellular layer; CA-C, 
cornu ammonis cellular layer; CA-M, cornu ammonis molecular layer; AMY, amygdala; 
PFC, prefrontal cortex.
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Figure 6. Multidimensional scaling analysis of HR/LR COX activity differences in the first weeks 
of life
Following calculation of region specific pair-wise differences between correlation matrices 
of HR/LR brain regions at P7/14/ 21, multidimensional scaling expresses the data on a 2-
dimensional plot where the distance between two given brain regions represents their 
association strength. Abbreviations: DG-UB-C, dentate gyrus upper blade cellular layer; 
DG-UB-M. dentate gyrus upper blade molecular layer; DG-LB-M, dentate gyrus lower 
blade molecular layer; DG-LB-C, dentate gyrus lower blade cellular layer; CA-C, cornu 
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ammonis cellular layer; CA-M, cornu ammonis molecular layer; AMY, amygdala; PFC, 
prefrontal cortex.
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Table 1
Measurements of Cytochrome C oxidase activity in select brain regions of early
Brain region Postnatal day(P) HR LR student's t-test statistics
PFC
P7
0.54 ± 0.04, n=7 0.57 ± 0.067, n=7 p=0.76 t=0.31
Upper blade-cellular 0.86 ± 0.04, n=5 0.82 ± 0.07, n=6 p=0.67 t=0.45
Upper blade-molecular 0.42 ± 0.03, n=5 0.34 ± 0.04, n=6 p=0.12 t=1.67
Lower blade-cellular 0.37 ± 0.03, n=5 0.28 ± 0.03, n=6 *p= 0.05 t=2.27
Lower blade-molecular 0.69 ± 0.05, n=5 0.55 ± 0.05, n=6 p= 0.06 t=2.00
PFC
P14
1.11 ± 0.08, n=7 1.18 ± 0.04, n=7 p=0.47 t=0.74
Upper blade-cellular 1.43 ± 0.07, n=10 1.51 ± 0.05, n=10 p=0.35 t=0.95
Upper blade-molecular 0.71 ± 0.05, n=10 0.76 ± 0.03, n=10 p=0.40 t=0.86
Lower blade-cellular 1.16 ± 0.06, n=10 1.23 ± 0.03, n=10 p= 0.31 t=1.05
Lower blade-molecular 0.62 ± 0.05, n=10 0.67 ± 0.02, n=10 p= 0.32 t=1.05
PFC
P21
1.61 ± 0.05, n=8 1.48 ± 0.03, n=6 p=0.08 t=1.94
Upper blade-cellular 1.80 ± 0.08, n=9 1.77 ± 0.05, n=9 p= 0.734 t=0.34
Upper blade-molecular 0.91 ± 0.05, n=9 0.90 ± 0.03, n=9 p= 0.78 t=0.29
Lower blade-cellular 1.66 ± 0.07, n=10 1.63 ± 0.04, n=9 p=0.74 t= 0.33
Lower blade-molecular 0.85 ± 0.05, n=9 0.85 ± 0.03, n=9 p=0.97 t= 0.04
Lateral Amygdala 1.38 ± 0.05, n=6 1.23 ± 0.03, n=9 *p=0.03 t= 0.02
Basolateral Amygdala 1.59 ± 0.067, n=6 1.40 ± 0.05, n=9 *p=0.04 t=2.28
Central Amygdala 1.45 ± 0.07, n=6 1.29 ± 0.05, n=9 p=0.08 t=1.91
Basomedial Amygdala 1.47 ± 0.08, n=6 1.27 ± 0.05, n=9 *p=0.04 t=2.23
postnatal HR/LR rat brains.
Values represent average COX activity in normalized optical density ± standard errors for each experimental group: HR and LR at postnatal days 
(P) 7, 14, 21. Results of statistical analyses are shown with p-values and t-test statistics. Bolded statistics have a p-value < 0.05. Abbreviations: 
Prefrontal Cortex (PFC); dentate gyrus (DG).
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